The activity coefficients of MnO and FeO in an FeO-MnO-MgO-P2O5-SiO2(-CaO) slag system were measured on the basis of the equilibrium between Ag and molten slag at 1 673 K under a controlled atmosphere. On the basis of experimental results, the activity coefficients of MnO and FeO in this multicomponent slag were evaluated using a regular solution (RS) model, FactSage, and an empirical formula. In the case of the RS model, the interaction energies and conversion factors to fit the calculated values to experimental results were reassessed. By the used of the empirical formula, FactSage and the regular solution model of present work, the activity coefficient ratio of MnS and FeS in a Fe-Mn-O-S matte that was equilibrated with a FeO-MnO-MgO-P2O5-SiO2 slag system was evaluated. When the RS model was used to calculate the γMnO/γFeO ratio, the γMnS/γFeS ratio decreased slightly with an increase in the XMnS/XFeS ratio. In contrast, when the empirical formula and FactSage were used, the γ MnS/γ FeS ratio was almost constant when the XMnS/XFeS ratio was increased.
Introduction
A proper amount of Mn when used as an alloying element improves the mechanical properties of steel. Despite the important role of Mn and growth in its consumption in steelmaking, no recycling strategy for realizing stable Mn resources has been investigated. The amount of Mn wasted in slag is almost equal to the amount of Mn consumed in the steelmaking process. [1] [2] [3] The authors have proposed an innovative process to recover Mn in the form of an Fe-Mn alloy without any P by sulfurization of steelmaking slag. One of advantages of this process is that the sulfurization of steelmaking slag can separate P from Mn.
In order to understand the behavior of Mn and Fe during the sulfurization of molten slag, the equilibrium between an Fe-Mn-O-S matte and FeO-MnO-MgO-P 2 O 5 -SiO 2 slag system has been investigated. 3) When matte and slag are assumed to be pure sulfide and pure oxide, respectively, the equilibrium of Mn and Fe between matte and slag are governed by following equations:
............ (1) ............. (2) where X FeO and X MnO are the mole fractions of FeO and MnO in the slag, respectively; and X FeS and X MnS are the mole fractions of FeS and MnS in the matte, respectively; and γ FeO , γ MnO , γ FeS and γ MnS are the activity coefficients of FeO, MnO, FeS and MnS. For efficient recovery of Mn from slag, the conditions for decreasing the γ MnS /γ FeS ratio in the Fe-Mn-O-S matte have to be clarified. The value of this ratio can then be estimated using the γ FeO /γ MnO ratio for molten slag. However, thermodynamic data for the FeO-MnOMgO-P 2 O 5 -SiO 2 slag system has not been sufficiently investigated because steelmaking slag containing P normally also contains CaO. In addition, although the activity coefficients of MnO and FeO in slag could be calculated using a regular solution (RS) model 4) and FactSage, 5) the calculation results for the two models showed different values of the γ FeO /γ MnO ratio for the same slag composition. Therefore, the MnO and γ FeO values for the FeO-MnO-MgO-P 2 O 5 -SiO 2 slag system should be measured to evaluate the γ MnS /γ FeS ratio for the Fe-Mn-O-S matte in Eq. (2) . 3) In the present study, the γ MnO and γ FeO values for the FeOMnO-MgO-P 2 O 5 -SiO 2 slag system with/without CaO were measured on the basis of the equilibrium between the slag ( )
. Figure 1 shows the experimental setup used in this study. A furnace equipped with a Kanthal Super heating element and an alumina reaction tube (inner diameter: 42 mm; height: 1 000 mm) was used. The temperature of the furnace was measured using a Pt-6%Rh/Pt-30%Rh thermocouple and was maintained at 1 673 ± 5 K.
Experimental Method
Approximately 10 g silver shots (purity: 99.9%) were charged on 5 g slag powder in an Fe crucible (SS400; inner diameter: 21 mm; height: 45 mm). The slag powder was prepared from a mixture of reagent-grade MnO, MgO, Ca3(PO4)2, SiO2, CaO, Fe, and Fe2O3 powders. The appropriate amount of FeO in the slag was achieved by mixing the Fe and Fe2O3 powders in a carefully maintained mole ratio of 1:1. CaO in the slag was prepared using CaCO3 powder calcined at 1 273 K for more than 3 h in air. Table 1 lists the initial compositions of the slag. Slag compositions S1-S6 did not contain CaO and these compositions were similar to those in the previous experiment in which the equilibrium between the Fe-Mn-O-S matte and FeO-MnO-MgO-P2O5-SiO2 slag was investigated.
3) The ratios of MgO and SiO2 content, and MgO and MnO content were varied among compositions S1-S6. For comparison, slag compositions S7-S9 that contained CaO were also investigated and the ratio of CaO and SiO2 content was varied among these compositions.
A CO/CO2 gas mixture and Ar gas were supplied through the gas inlet of the Al2O3 tube. These gases was dehydrated by passing them through a glass tube filled with P2O5, as shown in Fig. 1 . Before putting the slag sample into the furnace, Ar gas was flown into the furnace at a rate of about 150 × 10 -6 m 3 /min for 15 min to maintain the atmosphere in the furnace in its initial state. After that, the CO/CO2 gas mixture was flown into the furnace. The partial pressure of oxygen (PO 2 ) in the furnace was controlled to be between 10 -13 and 10 -11 by changing the mixing ratio of CO and CO2 in the gas mixture. The relation between PO 2 and the PCO/ PCO 2 /min and 0.9-9.8 × 10 -6 m 3 /min, respectively. The sample was maintained at 1 673 K for the desired holding time, after which it was removed from the furnace and quenched in water. Figures 2(a) and 2(b) show the change in the FeO content in the slag and change in the distribution ratio of Mn between the slag and Ag phases, respectively, with the holding time. In these experiments, the temperature and log PO 2 were maintained at 1 673 K and -11, respectively. Figures 2(a) and 2(b) show the results for the FeO-MnO-MgO-P2O5-SiO2 and FeO-MnO-MgO-P2O5-SiO2-CaO slag systems, respectively. As shown in this figure, the FeO content and Mn distribution ratio became constant after 24 h in both slag systems. Therefore, these preliminary experiments confirmed that the reaction achieved equilibrium at 1 673 K after 24 h.
The slag sample was collected carefully by grinding the quenched sample. Particles of Fe and pieces of Fe crucible in the slag sample were removed by magnetic treatment and chemical treatment using a solution of bromine and methanol (1:20, vol ratio). After removing the slag residues from the surface of the Ag sample, about 0.3 g the sample was made by cutter and dissolved in a HNO3 solution for chemical analysis. The concentrations of Fe, Mn, Mg, Ca, and P in each slag sample were analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima 3300, Perkin Elmer). The concentrations of FeO, MnO, MgO, and P2O5 were calculated assuming them to be in stoichiometric compositions, and the SiO2 content was calculated by subtracting the sum of the masses of these components from 100 (total mass%). In the case of FeOMnO-MgO-P2O5-SiO2-CaO slag system, the SiO2 content was measured using the alkali-fusion and gravimetric methods. The concentration of Mn in Ag was analyzed using ICP-AES. An acid solution was prepared by mixing deionized water and HNO3 in a 1:1 ratio. Twenty milliliters of this acid solution was added to about 0.3 g Ag sample, and the mixture was then heated at about 373 K for 1 h. No residue was observed on a filter paper after filtration of this solution. Table 2 lists the measured chemical compositions of Ag and slag. Samples 1-18 indicate the results for the equilibrium between Ag and the FeO-MnO-MgO-P2O5-SiO2 slag system. Samples C01-C09 indicate the results for the equilibrium between Ag and the FeO-MnO-MgO-P2O5-SiO2-CaO slag system. In Table 2 , the listed concentration of FeO1.5 in the slag was calculated using Eq. (6), assuming the activity coefficient ratio of FeO/FeO1.5 to be unity. On the basis of this assumption, the equilibrium relation given in Eq. (6) can be rewritten as Eq. (7) and the mole fractions of FeO and FeO1.5 can be calculated using log PO 2 . Moreover, the mole fraction of total Fe can be obtained from chemical analysis.
Results

Equilibrium between Ag and FeO-MnO-MgO-P2O5-SiO2(-CaO) Slag System
............ (6) ..... (7) Since the calculated concentration of FeO1.5 was below 1.07 mass%, as listed in Table 2 , most of the Fe oxide in the slag can be considered to be FeO. Therefore, in the present study, the analyzed value of Fe was converted to FeO by using a stoichiometric relation. 16) and XFeO. When PO 2 is low, P2O5 in the slag is reduced, and reduced P can be dissolved in the Fe crucible. However, the activity of solid Fe can be assumed to be unity because the solubility of P in solid Fe is below 2 mass% according to the Fe-P binary phase diagram 8) at 1 673 K.
The obtained values of γ MnO and γFeO are listed in Table   2 . Here, I is a conversion factor for γ i of a hypothetical liquid oxide and that of a real solution in a multicomponent slag. From Eqs. (17) and (18), the interaction energies and conversion factor are very important parameters for formulating the activity coefficients of components in molten slag. The interaction energies between cations as calculated by Ban-ya 4) and Suito and Inoue 9) are listed in Table 3 . Furthermore, Ban-ya et al. 10) reported the conversion factors for FeO and MnO by comparing the measured values of a FeO(l) for an Fe t O-SiO 2 system and a MnO(l) Table  2 and the calculated values by using the interaction energies of Refs. 4) and 9) shown in Table 3 . As shown in Fig. 7(a (Fig. 7(b) between the modified interaction energies of measured values and the calculated values by using the present work in Table 3 . In Fig. (a) , the conversion reactions of γFeO were used by Eqs. Table 3 . Figure 8 shows a comparison between the measured (Table 2) and calculated values of γ FeO (a) and γMnO (b); the calculated values were obtained using the interaction energies of the present study listed in Table 3 . The comparison of γFeO values shown in Fig. 8(a) is represented using the conversion reactions given by Eqs. (21) and (23). Similarly, in Fig. 8(B) , the comparison of γ MnO values is represented by the conversion reactions given by Eqs. (22) and (24).
Despite revising the interaction energies, the values of γ FeO and γ MnO calculated using Eqs. (21) and (22) 4) were higher than the measured values. Kim and Song 11) reported that the aFeO values calculated using the interaction energies proposed by Ban-ya 4) were larger than the measured aFeO values for a slag saturated with MgO. They also suggested that it is necessary to change the conversion factor for its application to their slag system. Therefore, to fit the calculated values to the measured ones, the values of aFeO(RS) and aMnO(RS) at 1 673 K were changed according to the following equations: The γFeO values calculated using FactSage corresponded well with the measured values; however, the γ MnO values calculated using FactSage were larger than the measured values.
The purpose of this research is to evaluate the γFeO and γMnO values for a slag that was equilibrated with matte in a previous study.
3) For achieving this, the application of a general model, i.e., RS model or FactSage, is not imperative. As the slag composition and temperature of this study were close to those in the previous study, for precise estimation, multiple linear regression analyses were conducted. The empirical equations for the FeO-MnO-MgO-P2O5-SiO2 slag system ( 
Activity Coefficient Ratio for MnS and FeS in Fe-
Mn-O-S Matte On the basis of the slag composition used in our previous study, 3) the γ MnO/γ FeO ratio for the FeO-MnO-MgO-P2O5-SiO2 slag system equilibrated with matte was calculated using a RS model with modified parameters, FactSage, and an empirical formula. 3) When the RS model was used to calculate the γMnO/γ FeO ratio, the γ MnS/γ FeS ratio decreased slightly with an increase in the XMnS/XFeS ratio. In contrast, when the empirical formula and FactSage were used, the γ MnS/γ FeS ratio was almost constant when the XMnS/XFeS ratio was increased. For a constant γ MnS/γ FeS ratio in Eq. (2), the XMnS/ XFeS ratio for matte can be improved by increasing the γMnO/ γFeO ratio for slag. On the basis of the present study, it can be concluded that γ MnO and γFeO increase with an increase in slag basicity. Therefore, the effect of slag basicity on the distribution of Mn and Fe between the Ca-Fe-Mn-O-S matte and multicomponent slag should be investigated.
Conclusions
The values of γ MnO and γ FeO for a FeO-MnO-MgO-P2O5-SiO2(-CaO) slag system were measured on the basis of the equilibrium between Ag and molten slag at 1 673 K under a controlled atmosphere. For obtaining the relationship between the γMnS/γ FeS and XMnS/XFeS ratios for matte, γMnO and γ FeO for the multicomponent slag were evaluated using the regular solution model, FactSage, and an empirical formula. The following conclusions were obtained:
(1) Both γMnO and γFeO increased with an increase in slag basicity. Moreover, when slag basicity was kept constant, both γ MnO and γ FeO increased upon increasing the FeO concentration in slag. However, the γMnO/ γ FeO ratio was constant against changes in slag basicity.
(2) The values of γ MnO and γFeO for the multicomponent slag with/without CaO were evaluated using a regular solution model, FactSage, and an empirical formula. In the case of the RS model, the interaction energies and conversion factors to fit the calculated values to the experimental results were reassessed. 
